Abstract Connective tissue growth factor (CTGF/CCN2) has strong inflammatory and profibrotic activities. Its expression is enhanced in skeletal muscular dystrophies such as Duchenne muscular dystrophy (DMD), a myopathy characterized by exacerbated inflammation and fibrosis. In dystrophic tissue, necroticregenerative foci, myofibroblasts, newly-regenerated muscle fibers and necrosis all occur simultaneously. To determine if CCN2 is involved in the appearance of the foci, we studied their presence and characteristics in mdx mice (DMD mouse model) compared to mdx mice hemizygous for CCN2 (mdx-Ccn2+/−). We used laser capture microdissection followed by gene expression and immunofluorescence analyses to investigate fibrotic, inflammation and regeneration markers in damaged and nondamaged areas in mdx and mdx-Ccn2+/− skeletal muscle. Mdx mice foci express elevated mRNAs levels of transforming growth factor type beta, collagen, fibronectin, the myofribroblast marker α-SMA, and the myogenic transcription factor myogenin. Mdx foci also show elevated levels of MCP-1 and CD-68 positive cells, indicating that CCN2 could be inducing an inflammatory response. We found a significant reduction in the number of foci in mdx-Ccn2+/− mice muscle. Fibrotic and inflammatory markers were also decreased in these foci. We did not observe any difference in Pax7 mRNA levels, a marker for satellite cells, in mdx mice compared to mdx-Ccn2+/− mice. Thus, CCN2 appears to be involved in the fibrotic response as well as in the inflammatory response in the dystrophic skeletal muscle.
Introduction
Fibrotic disorders are characterized by excessive connective tissue and extracellular matrix (ECM) deposition that precludes María Gabriela Morales and María José Acuña contributed equally to this work.
normal healing and regeneration. Over-expression of pro-fibrotic factors, such as transforming growth factor type-β (TGF-β) (Pohlers et al. 2009 ) and connective tissue growth factor (CTGF/CCN-2) , are strongly linked to the pathogenesis of these diseases. For example, congestive heart failure, end-stage kidney disease, liver cirrhosis, pulmonary fibrosis and muscular dystrophies all involve the abnormal formation of scar tissue. Scar formation includes the replacement of healthy tissue with α-smooth muscle actin (α-SMA)-positive myofibroblasts and the excessive accumulation of ECM proteins, such as collagen and fibronectin, which ultimately leads to organ failure and death (Contreras et al. 2016; Wynn 2008; Wynn and Ramalingam 2012) .
Duchenne muscular dystrophy (DMD) is caused by the absence of the protein dystrophin, which causes defective connections between the cytoskeleton of muscle fibers and the surrounding extracellular matrix. In DMD patients and mdx mice (a murine model of DMD) this defect leads to increased vulnerability of muscle fibers and, through cycles of degeneration and imperfect regeneration, a progressive decrease in muscle mass, diminished muscle force, and fibrosis (Fadic et al. 2006; Porter et al. 2004 ). The accumulation of extracellular matrix that replaces normal tissue leads to severe impairment of the regenerative capacity of the skeletal muscle. Both TGF-β and CCN2 are known to be over-expressed in this disease (Bernasconi et al. 1999; Morales et al. 2013b; Sun et al. 2008 ). CCN2 expression is induced by TGF-β in skeletal muscle cells and increases the synthesis of ECM molecules in myoblasts, exerting an inhibitory effect on skeletal muscle differentiation and causing myoblast dedifferentiation (Vial et al. 2008) .
We have shown that over-expression of CCN2 is directly involved in the induction of fibrosis in normal muscle, concomitant with inflammation (Morales et al. 2011) . Additionally, the systemic administration of CCN2 has been reported to induce a marked increase of inflammatory cells in the renal interstitium, which leads to elevated renal NF-κB activity (Sanchez-Lopez et al. 2009 ). Moreover, the dystrophic phenotype of the mdx mice is significantly ameliorated when CCN2 is inhibited by injection of monoclonal antibodies against this factor (Morales et al. 2013b) . Similar improvement was also observed in mdxCcn2+/− mice. In both cases, the animals showed improvement in exercise resistance tests, increased strength in isolated muscles and decreased fibrosis (Morales et al. 2013b) .
The absence of dystrophin in mdx mice, as in DMD patients, produces muscle contraction-induced damage in the sarcolemma, which causes necrosis of the muscle fiber (Fargas et al. 2002) . Between the third week and third month of life, the mdx skeletal muscle shows high numbers of different types of degenerative-regenerative fiber groups that can be categorized by the sequential expression of known key genes involved in the muscle regeneration phases (Roig-Quilis et al. 2004; . This is an indication of the asynchronous process of skeletal muscle-degeneration-regeneration, characteristic of this animal model (Marotta et al. 2007) .
Since CCN2 has important pro-inflammatory and profibrotic properties, we decided to evaluate how CCN2 levels affect the necrotic-regenerative processes. Using Laser capture microdissection (LCM) we found elevated levels of myogenic, fibrotic and inflammatory mRNAs in the necroticregenerative foci compared to non-damaged areas. We also observed that diminished CCN2 activity in the mdx-Ccn2 +/− model leads to significant decrease in the number of these foci and reduced mRNA levels of fibrotic markers. Regeneration was analyzed by quantifying the expression of embryonic myosin, and we found that this marker is also lower in damaged areas of mdx-Ccn2+/− skeletal muscle compared to mdx-Ccn2+/+. These results indicate that diminished CCN2 activity does not only reduce the number of necroticregenerative foci, but it also decreases the severity of damage within these foci. In addition, mRNA levels of MCP1, the chemokine monocyte chemotactic protein-1, which plays a role in the recruitment of monocytes to sites of injury and infection, were elevated in damaged areas of mdx-Ccn2+/+ compared to mdx-Ccn2+/−, suggesting a role for CCN2 in the inflammatory response of the dystrophic muscle.
Materials and methods
Mice and tissue harvest C57BL/10ScSn-Dmd mdx (mdx mice) and C57BL/10 (wild type mice) were purchased from the Jackson Laboratory (Bar Harbor, ME), mdx-Ccn2+/− mice were obtained as described previously (Morales et al. 2013b) . Male mice were used in all studies. All mouse protocols were conducted in strict accordance and with formal approval of the Animal Ethics Committee of the Pontificia Universidad Católica de Chile. For tissue harvesting, animals were anesthetized and sacrificed by cervical dislocation. Muscles were quickly dissected for cryosectioning, flash-frozen in isopentane cooled in liquid nitrogen and stored at −80°C until processing (Cabello-Verrugio et al. 2012; Morales et al. 2011 ).
Laser dissection microscopy and gene expression analysis
Seven-micrometer thick sections of frozen muscle sections were put in PALM MembraneSlide (Carl Zeiss MicroImaging, Munich, Germany), fixed with ethanol and stained with hematoxylin in RNAase-free media. The tissue was then cut and catapulted with a PALM MicroBeam into the cap of a 0.5-ml tube. About 20 cryosections (7 μm) of normal and fibrotic tissue were collected from each sample. Total RNA was extracted immediately using the PicoPure RNA isolation kit (Arcuturus Bioscience). mRNA concentrations were measured using a spectrophotometer. We used 3 μg of undiluted RNA for cDNA synthesis with a Superscript II reverse transcriptase system (Invitrogen, USA). Taqman quantitative real-time PCR reactions were performed in triplicate on an Eco Real-Time PCR System (Illumina, USA), using pre-designed primer sets for mouse myogenin, CCN2, α-SMA, fibronectin, Pax-7, MCP-1 and the housekeeping gene GAPDH (Taqman Assays-on-Demand, Applied Biosystems, USA). mRNA expression was quantified using the comparative DCt method (2-ΔΔCT), using GAPDH as the reference gene. mRNA levels were expressed relative to the mean expression in wild type mice.
Immunohistochemical staining For immunohistochemical analysis, cryosections (7 μm) were fixed in acetone, incubated for 1 h with anti-CCN2 (Santa Cruz Biotechnology) or anti-CD68 (Serotec, USA) in 5% goat serum in PBS, and blocked for 15 min in methanol-H 2 O 2 (3%). After 1 h of incubation with Poly-HRP anti-rabbit-IgG (Immunologic, the Netherlands), enzyme activity was measured using a 3′,3′-diaminobenzidine tetrahydrochloride liquid system (Dako, USA). Nuclei were stained with haematoxylin.
Immunofluorescence microscopy For muscle immunofluorescence, cryosections (7 μm) were fixed in 4% paraformaldehyde, blocked for 1 h in 4% BSA in PBS, and incubated overnight at 4°C with anti-Fibronectin (Sigma, USA), anti-collagen III (Rockland, USA), and anti-laminin (Sigma, USA) (Acuña et al. 2014; Contreras et al. 2016; Morales et al. 2013a ). For embryonic myosin staining, monoclonal anti-embryonic myosin (Hibridoma Bank, USA) was used with the M.O.M. reagent kit (Vector laboratories, USA). The corresponding Alexa Fluor 568-and 488-conjugated anti IgGs were used as secondary antibodies. For nuclear staining, sections were incubated with 1 μg/mL Hoechst 33,258 in PBS for 10 min.
Statistical analysis The statistical significance of the differences between the means of the experimental groups was evaluated using one-way analysis of variance (ANOVA) with a post-hoc Bonferroni multiple-comparison test (Prism 3.0, GraphPad) . A difference was considered statistically significant at p value <0.05.
Results
Current evidence suggests that CCN2 is a matricellular protein with strong relevance in the pathophysiology of muscular dystrophies. Loss-and gain-of-function experiments have demonstrated its critical role suggesting that targeting CCN2 has significant potential for the development of novel therapies for DMD and related diseases (Morales et al. 2011 (Morales et al. , 2013b .
The presence of necrotic-regenerative foci in mdx skeletal muscle has been identified in previous LCM-based studies (Marotta et al. 2007) . Figure 1a shows the presence of many of these foci in mdx muscle sections. These necroticregenerative foci are characterized by a significant accumulation of fibronectin, collagen type III and interstitial cells, compared to wild type muscle sections (Fig. 1a) . mdx muscle specific immunostaining shows elevated levels of CCN2 compared to wild type muscle. Besides, the staining is more intense in necrotic-regenerative foci, suggesting that CCN2 is increased in these damaged areas (Fig. 1b) . We have already shown that mdx mice with reduced CCN2 levels develop less severe muscular dystrophy (Morales et al. 2013b) . To evaluate if the presence of the damaged areas is connected to the enhanced presence of CCN2 in mdx muscles, we used the mdx mice with a hemizygous CCN2 deletion (mdx-Ccn2+/−) in which the expression of CCN2 is reduced by approximately 50% (Morales et al. 2013b) . H&E staining in Fig. 2a (left) shows that mdx-Ccn2+/− muscle has fewer necroticregenerative foci compared to mdx-Ccn2+/+ muscle. The right-hand side of Fig. 2 shows a significant 50% decrease of damaged areas of mdx-Ccn2+/− skeletal muscle compared to mdx-Ccn2+/+. Fig. 2b shows that mdx skeletal muscle express higher level of CCN2 mRNA in damaged areas compared to non-damaged areas. The same figure also shows that there are decreased levels of CCN2 mRNAs in the damaged areas of mdx-Ccn2+/− skeletal muscle compared to mdx muscle. We also observed less intense immunostaining for CCN2 in these areas (Fig. 2c) . These results show the number of damaged areas present in skeletal muscle is decreased in dystrophic mice with diminished levels of CCN2 (mdx-Ccn2+/−) compared to mdx-Ccn2+/+ mice. Results also show that the expression levels of CCN2 within the damaged areas in mdxCcn2+/− muscle are lower than in mdx-Ccn2+/+.
Next, we evaluated mRNAs levels from three fibrotic components. Figure 3 shows that expression of TGF-β (Fig. 3a) , fibronectin ( Fig. 3b ) and α-SMA (Fig. 3c ) are significantly elevated in damaged areas compared to non-damaged areas in dystrophic muscle obtained from mdx and mdx-Ccn2 +/−. Furthermore, as expected all three markers are increased in dystrophic muscle compared to wild type muscle. Figure 3 also shows that the levels of expression of these three fibrotic components are significantly reduced in damaged areas of mdxCcn2+/− compared to mdx-Ccn2+/+ (Fig. 3) . These observations suggest an important increase in pro-fibrotic and fibrotic components in damaged areas of dystrophic muscle compared to similar areas of dystrophic muscle hemizygous for Ccn2.
Next, we evaluated mRNAs levels of myogenin and Pax7, markers of muscle differentiation and satellite cells respectively, in damaged and non-damaged muscle areas obtained from wild type, mdx and mdx-Ccn2+/− mice. Figure 4a shows that mRNA expression levels for myogenin are significantly elevated in damaged areas of mdx muscle compared to mdx-Ccn2+/−, suggesting increased skeletal muscle regeneration in those areas. By contrast, no changes in Pax7 transcript levels were observed (Fig. 4b) . Figure 5a shows immunostaining for embryonic myosin, a marker of muscle regeneration. We found that the percentage of fibers expressing embryonic myosin is significantly higher in mdx compared to mdx-Ccn2+/− muscle, indicating that under conditions of low CCN2 expression there is less skeletal muscle damage and consequently less skeletal muscle regeneration. Figure 5a (middle panels) also shows that laminin staining, a basal lamina constituent, is similar in mdx and mdx-Ccn2+/ − skeletal muscle sections. However, the size of the fibers in the mdx-Ccn2+/− mice is less heterogeneous than in mdx, as we have shown previously (Morales et al. 2013b ). The bottom panels of Fig. 5 show the merge of embryonic myosin, laminin and total nuclei staining, also consistent with reduced muscle regenerative activity in mdx-Ccn2+/− compared to mdx skeletal muscle. Figure 5b shows the quantitative analysis of embryonic myosin immunostaining in mdx-Ccn2+/− compared to mdx-Ccn2+/+ .These results suggest that elevated levels of CCN2, characteristic of dystrophic muscle, are specifically related to the number and activity of necrotic-regenerative foci.
One of the features of DMD is the invasion of damaged muscle areas by inflammatory cells (Haslett et al. 2002 found that the expression of monocyte chemoattractant protein-1 (MCP1), a marker of monocytes/macrophages, in damaged areas of mdx muscle is higher than in damaged areas of mdxCcn2+/− muscle (Fig. 6a) . We also observed that the increased expression of MCP1 correlates with an elevated number of macrophages in the tissue, as evidenced by increased CD68 staining, which is reduced in damaged areas of mdx-Ccn2+/− muscle compared to mdx. Thus, increased levels of CCN2 correlate with increased necrotic regenerative and inflammatory response in mdx skeletal muscle. associated with the induction of fibrosis in several chronic diseases, including multiple organs in systemic sclerosis ), kidney fibrosis (Ito et al. 1998) , lung fibrosis in response to bleomycin (Ponticos et al. 2009 ) and liver cirrhosis (Chen et al. 2011 ). We and other researchers have previously shown elevated levels of CCN2 in dystrophic skeletal muscle, both in human patients and in animal models (Morales et al. 2013a, b; Sun et al. 2008 ). CCN2's role in skeletal muscle fibrosis was well established in gain-and loss-of-function experiments. When CCN2 is overexpressed in normal skeletal muscle, a transient fibrotic response is observed (Morales et al. 2011) . On the other hand, there is a significant reduction in the amount of collagen and fibronectin when CCN2 is inhibited with blocking antibodies or in dystrophic mice hemizygous for CCN2 (Morales et al. 2013b ).
CCN2 expression is also associated with an inflammatory response. CCN2 exposure via systemic administration induces an important infiltration of inflammatory cells in the renal interstitium and produces a prominent NF-kB response in mice (Sanchez-Lopez et al. 2009 ). Cardiomyocytes exposed to CCN2 increase the levels the pro-inflammatory cytokines TNF-alpha, IL-6, MCP-1 and IL-8 (Wang et al. 2010) . Moreover, overexpression of CCN2 induces a strong inflammatory response in skeletal muscle (Morales et al. 2011) .
In this study, we found that in the mdx mouse there is a significant increase of CCN2 levels in the necrotic-regenerative foci, compared to non-damaged areas, correlating CCN2 levels with the degree of damage and fibrosis in skeletal muscle. The necrotic-regenerative foci also show increased levels of the fibrotic markers collagen I and fibronectin. In line with these results we found increased levels of α-SMA, which is produced by activated myofibroblasts, contributing to the generation and secretion of ECM components (Contreras et al. 2016) . Additionally, we found incremented levels of MCP-1 in the necrotic-regenerative foci in both mouse models and elevated levels of CD-68 positive cells, indicating that CCN2 could also be inducing an inflammatory response. It would be interesting to also evaluate levels of inflammasome complex, IL1β and NLRP3 (Guo et al. 2015) . Thus, high levels of CCN2 in both models seem to be accompanied by important inflammatory and fibrotic responses. The inflammatory and fibrotic responses observed in models of CCN2 loss of function presented in this work, are consistent with the properties already described for CCN2 .
The necrotic-regenerative areas in mdx mice were studied and characterized by Marotta et al., and found that markers of myogenesis such as MyoD, Myf-5 and myogenin are increased in these structures (Marotta et al. 2007 ). Here, we show that these foci have increased myogenin levels, corroborating the previous results; and we also found increased expression of embryonic myosin, a marker of newly regenerated fibers. Thus, a focus enriched in CCN2 is likely to induce an inflammatory reaction followed by necrosis, transforming it into an exquisite milieu for inducing fibrotic damage, which is in turn followed by activation of satellite cells and the formation of new fibers. Interestingly, the levels of Pax7, a marker of satellite cells, indicate no significant differences between damaged or non-damaged areas in the dystrophic mice, suggesting that local factors in the CCN2 expressing focus induce activation of satellite cells to form regenerating fibers.
Inhibition of CCN2 in deteriorated dystrophic muscle reduces the dystrophic phenotype as consequence of decreased inflammation and fibrosis (Morales et al. 2013a, b) . The infusion of monoclonal antibodies against CCN2 (FG-3019), which block its activity, improves muscle architecture and
Laminin ( 5 There are fewer regenerating fibers in the muscle of mdx-Ccn2+/− mice. a Embryonic myosin (EM), and Laminin (LAM) immunostaining to evaluate regenerating fibers and basement membrane respectively, in gastrocnemius crossections from mdx-Ccn2+/+ and mdx-Ccn2+/− mice. Nuclei were visualized with Hoechst. Bar: 100 μm. b The percentage of EM positive fibers was quantified by counting 5 different fields for three mdx-Ccn2+/− and mdxCcn2+/+ mice (a mean of 600 fibers per animal were counted). Data corresponds to mean ± standard deviation. *p < 0.05 T-test mdx-Ccn2+/− vs mdx-Ccn2+/+ function (Morales et al. 2013b) . It is not known whether this improvement of the dystrophic muscle is triggered by a decrease in inflammation followed by a decrease in fibrosis. We previously showed that there is an important increase of fibrotic proteins levels in denervated skeletal muscle (Brandan et al. 1992; Fadic et al. 1990 ); however, we only observed a weak inflammatory reaction, suggesting that these processes might be independent. On the other hand, when dystrophic mice are treated with andrographolide, a potent and specific inhibitor of NF-kB signaling, we observed a reduction of fibrotic proteins in the deteriorated muscle . Are the same CCN2 receptors involved in the inflammatory and fibrotic response or, are there specific domains in the CCN2 molecule responsible for these differential responses? Certainly, future research is required to understand how CCN2 induces inflammatory and fibrotic responses.
Another important question is how CCN2 is induced in the skeletal muscle necrotic-regenerative foci. A potential inducer of CCN2 is NF-kB. Elevated levels of this transcription factor are observed in the skeletal muscle of dystrophic animal models as well as in DMD patients (Acharyya et al. 2007; Cabrera et al. 2014; Peterson et al. 2011) . As mentioned before, an inhibitor of NF-kB activity reduces the amount of CCN2 in dystrophic muscle, resulting in decreased inflammation and fibrosis . CCN2 is also induced by TGF-β in several tissues including skeletal muscle cells (Vial et al. 2008) . Smad response elements are present in the promoter region of CCN2 (Cordova et al. 2015; Chen et al. 2002; Leask et al. 2003) , acting downstream of TGF-β signaling. TGF-β expression and signaling are augmented in denervated muscle and in dystrophic skeletal muscle (Ceco and McNally 2013; Cohn et al. 2007; Fanbin et al. 2011) , therefore this pleiotropic factor can be a potential inducer of CCN2 in diseased skeletal muscle. Thus, there are strong inducers of CCN2 present in dystrophic or denervated skeletal muscle, and elevated TGF-β levels in the damaged zone correlate with increased CCN2 levels.
Summarizing, in this paper we have shown that the elevated CCN2 levels found in necrotic-regenerative foci in dystrophic muscle appear to induce both inflammatory and fibrotic responses. However, a direct effect of CCN2 in skeletal muscle dedifferentiation cannot be excluded as already suggested by us and other investigators (Nishida et al. 2015; Vial et al. 2008) . Therefore, CCN2 is becoming an attractive therapeutical target for improving skeletal muscle physiology under pathological conditions. 
